Local nucleosome-nucleosome interactions in cis drive chromatin folding, whereas interactions in trans lead to fiberfiber oligomerization. Here we show that peptides derived from the histone H4 tail and Kaposi's sarcoma herpesvirus LANA protein can replace the endogenous H4 tail, resulting in array folding and oligomerization. Neutralization of a LANA binding site on the histone surface enhanced rather than abolished nucleosome-nucleosome interactions. We maintain that the contoured nucleosome surface is centrally involved in regulating chromatin condensation.
Local nucleosome-nucleosome interactions in cis drive chromatin folding, whereas interactions in trans lead to fiberfiber oligomerization. Here we show that peptides derived from the histone H4 tail and Kaposi's sarcoma herpesvirus LANA protein can replace the endogenous H4 tail, resulting in array folding and oligomerization. Neutralization of a LANA binding site on the histone surface enhanced rather than abolished nucleosome-nucleosome interactions. We maintain that the contoured nucleosome surface is centrally involved in regulating chromatin condensation.
We have previously shown that a peptide spanning the N-terminal 23 amino acids of the viral latency-associated nuclear antigen (LANA) protein (LANA ) occupies the same negatively charged and contoured region on the nucleosomal surface as the H4 tail from a symmetry-related particle in the crystal lattice 1 . This same region has been implicated as an H4 tail binding site that mediates nucleosomenucleosome interactions during chromatin folding and selfassociation 2 . We hypothesized that if this charged nucleosome surface region were involved in H4 tail-dependent interactions, exogenous LANA would compete with the H4 tail and bind to the nucleosome surface, thereby preventing H4-mediated chromatin condensation.
To test this hypothesis, we used a previously established model system reconstituted from recombinant histones (containing either full-length or tailless H4 (gH4) and full-length H3, H2A and H2B) and a 12-mer repeat of a 208-bp DNA fragment derived from the 5S rRNA gene 3 to yield wild-type and gH4 nucleosomal arrays (Supplementary Methods). All arrays were carefully matched to contain 11 ± 2 octamers per 208-12-mer DNA fragment (Supplementary Fig. 1a online) . We assayed self-association, which is thought to mimic fiber-fiber interactions in cellular chromatin 4, 5 , by measuring the abundance of monomeric arrays as a function of MgCl 2 concentration 3, 6 . The Mg 50 value is defined as the concentration of MgCl 2 at which 50% of nucleosomal arrays are oligomerized and pellet upon centrifugation. We assayed chromatin fiber folding using sedimentation velocity to monitor progression from a B27S 11-nm fiber to the 40S intermediate and B55S '30-nm' folded states under MgCl 2 conditions where the arrays were monomeric 3, 6 .
We incubated wild-type nucleosomal arrays with LANA 1-23 at various molar ratios and measured the arrays' ability to self-associate as a function of MgCl 2 concentration. A representative experiment is shown (Fig. 1a) . The curves were cooperative (Fig. 1a) and fully reversible upon removal of Mg 2+ from solution (data not shown).
Mg 50 values as a function of increasing amounts of LANA are shown in Figure 1b . Contrary to our hypothesis, LANA 1-23 lowered the Mg 50 needed for fiber-fiber self-association (Fig. 1a,b) . This demonstrates that the binding of LANA to the nucleosomal surface as an untethered peptide promotes self-association. This effect was saturable because the addition of excess LANA 1-23 at 42.5 equivalents of LANA per nucleosomal binding site did not lower Mg 50 further. The effect was also specific because a mutant of LANA (LRS) that has the same charge but is unable to bind to the nucleosomal surface 1 did not induce self-association (Fig. 1b) . A glutathione S-transferase-LANA 1-23 fusion (GST-LANA ) bound to the H2A-H2B dimer with an apparent K d of 4.5 nM ( Supplementary Fig. 2a online) , whereas GST-LRS did not bind (Supplementary Table 1 online). These data suggest that LANA does not act as a polycationic salt but instead promotes compaction through the specific interactions observed by crystallography 1 .
When compared to wild-type arrays, tailless H4 arrays require more MgCl 2 for self-association 3, 6 . LANA 1-23 retained the ability to promote self-association of nucleosomal arrays lacking the endogenous H4 tail (Fig. 1c,d ). In the presence of LANA (1:5), the Mg 50 for gH4-arrays dropped to 2.5 mM, the same value observed for wild-type arrays in the absence of LANA. However, the Mg 50 did not reach levels as low as those observed for wild-type arrays in the presence of LANA and the covalently attached H4 tail. Thus, we believe that LANA 1-23 can mimic some, but not all, actions of the H4 tail. This, in turn, implies that there are more binding sites on the nucleosome for the H4 tail than for LANA. Consistent with this interpretation, the interaction of the GST-H4 tail peptide with the H2A-H2B dimer was indicative of the presence of multiple low-affinity sites of interaction (445 mM) in addition to a relatively high-affinity interaction (B11 nM, Supplementary Fig. 2b and Supplementary Table 1 ). The H4 tail showed a similar binding behavior with the (H3-H4) 2 tetramer (Supplementary Table 1 ), whereas LANA 1-23 did not interact with the (H3-H4) 2 tetramer 1 . Additionally, GST-H4 tail (as shown previously 7 ), but not GST-LANA , bound to free DNA ( Supplementary Fig. 2c ). Thus, we believe that the H4 tail binds to nucleosomal arrays through both protein-protein and protein-DNA interactions.
How does LANA affect self-association in the presence and absence of covalently attached H4 N-terminal domains? One possibility is that LANA binding to the nucleosomal surface alters a 'repulsive' domain on the nucleosomal surface that may prevent the close association of nucleosomes (Fig. 2a,b) . We hypothesized that nucleosome-nucleosome interactions are mediated by a collection of opposing and attractive domains on the nucleosome surface. This yields a carefully balanced condensation equilibrium that can easily be regulated in either direction by environmental conditions and chromatinbinding proteins. To test this hypothesis, we neutralized six of the seven acidic surface residues that contribute to the LANA binding region. All of these residues are either near crystal contacts or are directly involved in making hydrogen bonds with a symmetry-related particle. Mutant H2A molecules, together with the other three wild-type core histones, were assembled into nucleosome arrays that had partially neutralized histone surfaces (nhs arrays). Nucleosomes and nucleosomal arrays reconstituted with this histone mutant were indistinguishable from those reconstituted with wild-type H2A ( Supplementary Fig. 1a,b) . Nhs arrays required less MgCl 2 than wild-type arrays did for selfassociation (Fig. 2c) , indicating that the native charged and/or stereochemical character of this region indeed counteracts the ability of wild-type arrays to self-associate. The failure of the nhs arrays to completely recapitulate the Mg 50 of a saturated LANA wild-type array (the Mg 50 values observed were B1.8 versus B1.1-1.2 mM) reflects the fact that the local nucleosomal surface is affected differently by mutagenesis of acidic residues and by the binding of LANA peptide. The addition of LANA or LRS had little or no effect (Fig. 2c) , most likely because neither peptide was able to bind to the mutated histone surface with high affinity (Supplementary Table 1 ). The observation that nhs H2A-H2B dimers have some residual binding to LANA ( Supplementary Table 1) suggests that low-affinity binding sites on the H2A-H2B dimer in addition to the charged surface region may contribute to the effect observed with LANA 1-23. As suggested by the experiments described above, the endogenous H4 tail promotes self-association by binding to regions on the nucleosome that are at least partially distinct from that bound by LANA . If this is the case, mutagenesis of the LANA binding region should not completely compensate for the deletion of the H4 tail. We prepared nucleosomal arrays with histone octamers that had neither the H4 tail nor the charged region (gH4-nhs arrays). Mg 50 values for such arrays fell between those of wild-type and gH4 arrays (Fig. 2d) , indicating that the H4 tail is at most only partially involved in neutralizing the region defined by crystallographic analysis 8 . Again, addition of LANA 1-23 had no effect.
We next wanted to test whether a synthetic H4 tail peptide could promote self-association when added exogenously-an experiment analogous to those described above with LANA . As for LANA , the addition of H4 tail peptide to wild-type nucleosomal arrays lowered the Mg 50 value (Fig. 3a) . However, this effect was nonsaturable, as molar ratios as high as 10-to 16-fold continued to lower Mg 50 ( Fig. 3a and data not shown) . This is consistent with our observation that the interaction of H4 with H2A-H2B had a nonsaturable component ( Supplementary Fig. 2b ). We next tested whether the exogenous H4 tail peptide could replace the missing H4 tail in trans in gH4 arrays (Fig. 3b) and in arrays carrying both neutralizing surface mutations and tail deletions (gH4-nhs arrays). We used arrays with a mutated charged region as controls (nhs arrays, Fig. 3c,d) . In all cases, addition of the H4 tail further promoted self-association and addition of increasing amounts of H4 tail peptide further lowered the Mg 50 values, with a linear dependency. This is consistent with our finding that the H4 tail could still bind to nhs histone dimers, whereas LANA could not ( Supplementary Fig. 2d and Supplementary Table 1) , and suggests that the H4 tail is capable of binding to multiple binding sites on nucleosomal surface during self-association.
We used sedimentation velocity to study the MgCl 2 -dependent transition from the 27S 11-nm fiber to the 40S intermediate folded state and the 55S 30-nm structure 4 . We incubated wild-type arrays with LANA , LRS or buffer in the presence of 1.05 mM MgCl 2 . Under these conditions, no self-association occurred and folding was limited to the 30S-to-40S transition in the absence of LANA . A substantial proportion of the arrays sedimented between 40S and 55S upon addition of a fivefold excess of LANA , confirming that LANA 1-23 promotes formation of a compact 30-nm conformation (Fig. 3e) . As with self-association, the effect is specific, because LRS had no discernible effect. Mutagenesis of the histone surface (nhs arrays) also promoted folding of a portion of arrays into a 55S species (Fig. 3f) . As with self-association, the addition of LANA 1-23 had no effect as a result of its inability to interact with these mutant nucleosomes (data not shown). Thus, altering the charged surface region either by interaction with LANA or by mutation of selected charged residues in H2A has a profound effect on chromatin fiber folding. We next wished to determine whether N-terminal LANA peptide affects the structure of chromatin in vivo. LANA residues 1-32, which include a nuclear localization signal at positions 24-30, were fused to green fluorescent protein (GFP) and expressed in U2OS cells. Our results ( Fig. 3g; Supplementary Fig. 3 online) demonstrated that LANA peptide acted in vivo to alter nuclear architecture and influence chromatin condensation, consistent with our in vitro findings. Notably, the changes in nuclear architecture observed here are similar to those described for heterochromatin formation induced by cellular senescence 9 .
In conclusion, we have shown evidence that the histone octamer surface of the nucleosome has an important role in the regulation of chromatin higher-order structure(s). Our data indicate that the same surface of the nucleosome affects both folding and self-association processes. We postulate that the degree of chromatin compaction under any given set of conditions results from the net effects of opposing and attractive domains on the nucleosome surface. Its character may be individually and locally altered by unmodified histone tails, through post-translational modification of the tails 10 and the structured region of the histones 11 , through the introduction of histone mutants 12, 13 , by histone variants 14 or through interactions with a multitude of chromatin architectural proteins. By extension, we propose that there are many different ways in which nucleosomal surfaces interact to promote chromatin condensation, resulting in numerous interchangeable types of higher-order structures of varying stability.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
